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Structure-Function Analysis
of Phosphatidylinositol Transfer Protein Alpha
Bound to Human Phosphatidylinositol
forms have been identified in mammalian cells (PITP
and PITP), which exhibit the molecular property of se-
lectively exchanging PI and phosphatidylcholine (PC)
between lipid membranes (Wirtz, 1997; Hsuan and
Cockcroft, 2001). Human PITP is 270 amino acids in
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Birkbeck length and shares 77% sequence identity with PITP.
However, they have different cellular localizations;University of London
Malet Street PITP is predominantly localized in the cytosol and the
nucleus, whereas PITP is associated with the GolgiLondon WC1E 7HX
2 Department of Physiology membranes (De Vries et al., 1996; Larijani et al., 2003).
The cellular functions of the different PITP proteins areUniversity College London
Rockefeller Building still not well defined, but evidence has been presented
that PITP proteins are required for maintaining dedi-University Street
London WC1E 6JJ cated pools of phosphoinositides utilized for signaling
and for membrane trafficking events (Cockcroft, 1998).3 Structural Biology Laboratory
London Research Institute Clues to their biological functions come from the pheno-
type of cells with lowered amounts of PITP protein. ACancer Research UK
44 Lincoln’s Inn Fields reduction of PITP protein by 80% contributes to a neu-
rodegenerative phenotype of the mouse vibrator muta-London WC2A 3PX
United Kingdom tion (Hamilton et al., 1997). Mice lacking PITP exhibit
spinocerebellar degeneration, intestinal and hepatic
steatosis, and hypoglycemia (Alb et al., 2003), while de-
letion of the PITP gene is embryonically lethal (AlbSummary
et al., 2002). Similarly, studies in Drosophila identified
rdgB (retinal degradation B), a membrane-associatedPhosphatidylinositol transfer protein  (PITP) selec-
tively transports and promotes exchange of phospha- protein with a PITP domain, as essential for survival of
the retinal cells (Milligan et al., 1997). A smaller murinetidylinositol (PI) and phosphatidylcholine (PC) between
lipid bilayers. In higher eukaryotes PITP is required homolog of rdgB, M-rdgB, has also been identified
but is less well studied (Fullwood et al., 1999). Thus thefor cellular functions such as phospholipase C-medi-
ated signaling, regulated exocytosis, and secretory vesi- PITP domain is found not only as a single domain protein
but also as part of a larger protein containing additionalcle formation. We have determined the crystal structure
of human PITP bound to its physiological ligand, PI, domains. In the malarial parasite, the PITP domain is
found together with a PH domain.at 2.95 A˚ resolution. The structure identifies the critical
side chains within the lipid-headgroup binding pocket Recent structural analyses on rat and mouse PITP
have defined the architecture of the PITP fold (Yoderthat define the exquisite specificity for PI. Mutational
analysis of the PI binding pocket is in good agreement et al., 2001; Schouten et al., 2002), revealing a remote
structural similarity with the STaR-related lipid transferwith the structural data and allows manipulation of
functional properties of PITP. Surprisingly, there are domain (Tsujishita and Hurley, 2000; Roderick et al.,
2002). A single phospholipid binding site is formed byno major conformational differences between PI- and
PC-loaded PITP, despite previous predictions. In the the concave surface of a central eight-stranded  sheet
and two helices. It is made up of a polar lipid-headgroupcrystal, PITP-PI is dimeric, with two identical dimers
in the asymmetric unit. The dimer interface masks binding pocket and two hydrophobic channels which
take up the sn1 and sn2 fatty acid tails. A comparisonprecisely the sequence we identify as contributing to
PITP membrane interaction. Our structure repre- of the PC-loaded and apo form of PITP indicates that
at least two distinct forms of PITP exist: (1) a “closed”sents a soluble, transport-competent form of PI-
form in which the PC lipid is buried within the structureloaded PITP.
and (2) an “open” lipid-free form in which the phospho-
lipid binding cavity is opened up and the lipid-exchangeIntroduction
loop is swung away from the body of the structure.
Without a PI-loaded PITP structure, a possible expla-Phosphatidylinositol (PI) is a ubiquitous eukaryotic lipid
nation for the 16-fold higher affinity of PITP for PI overwhose phosphorylated derivatives have been implicated
PC was not available. We therefore undertook to deter-in many important cell signaling events including cell
mine the structure of human PITP bound to PI in ordersurvival, cell division, and membrane trafficking (Cullen
to define the PI specificity determinants and address theet al., 2001). PI is made in the endoplasmic reticulum
effect of PI binding on PITPconformation. In parallel weand is transported to subcellular membrane compart-
undertook a detailed mutational analysis based on thements by a PI-transfer protein, PITP. Two soluble iso-
PI-loaded PITP structure to confirm the inositol head-
group binding site and to identify the membrane interac-*Correspondence: mcdonald@cancer.org.uk
4These authors contributed equally to this work. tion site of PITP.
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Table 1. Data Collection, Processing, and Refinement Statistics for SeMet PI-Bound PITP, in Space Group P212121
Beamline ID13 BW7a (1) BW7a(2) BW7a(3)
a (A˚) 83.3 83.8 83.8 83.8
b (A˚) 93.2 93.6 93.6 93.6
c (A˚) 161.7 162.2 162.2 162.2
Resolution range (A˚) 49.3–2.9 40.9–3.95 40.9–3.95 40.9–3.95
Number of crystals 1 1 1 1
Wavelength (A˚) 0.784 0.9792 0.9796 0.9919
Total number of reflections 97,905 43,579 43,716 43,921
Unique reflections 24,051 11,733 11,737 11,738
I/I 7.2 (2.1) 7.4 (3.3) 6.3 (3.5) 6.8 (2.6)
Completeness (%) 84.6 (84.5) 99.9 99.9 99.9
Rsym (%) 8.2 (30.7) 7.9 (22.4) 7.6 (20.2) 6.9 (19.5)
Rano (%) 7.5 (16.1) 6.3 (15.8) 5.1 (13.7)
Rwork (%) 23.7
Rfree (%) 30.7
Number of protein atoms 8,600
Number of ligand atoms 124
Rms from ideal bonds (A˚), angles () 0.02, 2.0
Statistics values for the highest resolution shell are shown in parentheses corresponding to 3.06–2.90 A˚ for ID13 (ESRF, Grenoble) and
4.16–3.95 A˚ for the three-wavelength dataset collected on BW7a (DESY, Hamburg). Of the latter, only BW7a(1) was finally used in the structure
solution.
Results and Discussion enclosed in the cavity (Figure 2). Apart from the 52
loop, the two main conformational differences between
rat PITP-PC and human PITP-PI are localized closeThe structure of human PITP was determined by mo-
lecular replacement using the coordinates of rat PITP to the putative membrane interaction surface of the mol-
ecule and adjacent to residues inferred to be spatiallybound to PC (PDB code 1FVZ) (Yoder et al., 2001).
Recombinant human PITPwas loaded with phosphati- close to the tips of the sn1 and sn2 fatty acid tails of the
lipid. These two regions are within the dimer interfaces ofdylinositol by lipid exchange prior to crystallization to
remove bound phosphatidylglycerol present after purifi- PITP-PI in our structure, and the differences from rat
PITP-PC probably arise from the different bound phos-cation from E. coli (Hara et al., 1997). Mass spectrometric
analysis identified the major species in the crystalliza- pholipids rather than crystal packing since both copies
of our dimer exhibit similar structures in these areas.tion solution as 18:0,20:4, but some heterogeneity in the
fatty acid tails was evident (data not shown). Crystals The majority of the PI lipid is buried within PITP,
including the inositol head group. Examination of thegrew as multinucleated blocks, but were slow to grow
and hard to reproduce. They belong to space group lipid headgroup cavity reveals a specific set of hydrogen
bonds formed with the inositol ring (Figure 3A). ContactsP212121 with unit cell dimensions 84  94  162 A˚ and
have four PITP molecules in the asymmetric unit. The with the lipid headgroup can be grouped into three dis-
crete classes: those that contact both PC and PI, thosemodel was refined against data collected from crystals
of Se-Met-substituted PITP, since this had the highest that contact PI differently from PC, and those unique to
PI. Residues employed in the recognition of both PI andresolution (2.9 A˚). The refined model consists of residues
1–269 and the lipid head group of PI (Table 1). Figures PC include those making contact with the phosphate
moiety of each lipid, namely Q22 (indirectly via a water)1A and 1B show orthogonal views of the electron density
assigned to the inositol headgroup. The inositol hydroxyl and K195 to one phosphate oxygen and Thr114 (indi-
rectly via a water) and Thr97 to the other. Residues T59group, including the axial OH group on C2, are clearly
seen. Density was also evident for the fatty acid chains and E86 interact with both PI and PC but in distinctive
ways. In PITP-PC, the side chain of T59 is approxi-of the PI (Figure 1C), but the limited resolution and heter-
ogeneity in the fatty acid tails (length and saturation) of mately 3.5 A˚ from a methyl group of PC, so that there
is only a van der Waals contact. In PITP-PI, this residuethe PI lipid precluded accurate fitting and refinement
(see Experimental Procedures). forms a hydrogen bond with the headgroup of PI. In
both structures, E86 is held in position by a hydrogenHuman PITP has an almost identical sequence to rat
PITP, with only a single residue deletion at position bond from OE1 to OH of Y63. In PITP-PI, OE2 is posi-
tioned to form hydrogen bond(s) with PI, which is not52 and conservative changes I140V and K219R. (For
convenience we refer to the numbering of rat PITP possible in PITP-PC. Residues that contact PI and not
PC include K61, which makes contacts to OH(3) andthroughout this paper.) The overall tertiary fold is very
similar and shows no gross conformational differences OH(4) of PI, N90, which bridges PI and Y92, and Q22,
which can form a hydrogen bond to the PI. There is alsofrom the PC-bound form (rms 	 0.93 A˚ for 266 C
atoms). This is in marked contrast to the apo structure an important role for solvent, although the resolution of
our structure precludes reliable identification of water(rms 	 1.00 A˚ for 200 C atoms). Human PITP adopts
the same “closed” conformation as the PC-bound rat molecules. However, it is clear that solvent molecules
will be located inside the lipid binding cavity. A similarPITP, each of which probably reflects a transport-com-
petent conformation with one molecule of phospholipid situation is found for other lipid binding proteins, which
Structure of a PITP-PI Complex
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Figure 1. Electron Density Around the PI
Lipid
The experimental electron density for
PITP-PI prior to introduction of PI onto the
refinement is drawn in green (SigmaA-
weighted 2mFo-DFc map) and blue (SigmaA-
weighted mFo-DFc map); map coefficients
were calculated with refmac. Electron density
is averaged over the four copies in the asym-
metric unit. The refined molecule of PI has
magenta bonds. (A) and (B) are orthogonal
stereo views of the headgroup, showing the
fit of PI to the density. (C) is a view of the
difference (Fo-Fc) density for the lipid tails.
For comparison, the PC ligand from the super-
imposed PC complex is shown with orange
bonds.
have apparently quite conserved waters and provide a The two residues that make specific contact with PI
and not PC are K61 and N90. Mutations of these residues“hydration sphere” for the headgroup in an otherwise
nonpolar environment (Lucke et al., 2002). (K61A and N90F) abolished PI binding and transfer while
leaving PC binding unaffected. K61A was completelyTo confirm our structural results, we prepared single
point mutations of the residues lining the inositol binding devoid of PI binding or transfer, while N90F (and N90L)
retained some 5% binding of PI, which was manifestedpocket. The four key residues chosen for mutation, T59,
E86, K61, and N90, are conserved in all the 38 proteins at low levels of transfer observed at high concentrations
(Figure 4A). Residues K61 and N90 make specific con-that contain a PITP domain (Figure 3B). These mutants
were assessed for binding and transfer of PI and PC tacts only with PI, so these results are easily rationalized
by the structure. The N90F mutant may also be affected(Figure 4; Table 2).
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Figure 2. Crystal Structure of PITP-PI
(A) Overall fold of PITP-PI. Functional re-
gions as previously defined are lipid-bonding
core (blue), regulatory loop (green), C-ter-
minal region (red), and lipid exchange loop
(orange).
(B) Dimer contact between two PITP-PI mol-
ecules in the crystal. Protein cartoons are col-
ored red and green, and the W203, W204, and
Y103 side chain for the two molecules are
shown in magenta and blue, respectively.
by steric hindrance of the phenyl group with the larger in a reduction in PI binding. The mutant T59E abolishes
binding to PI altogether through a combination of chargePI headgroup, contributing to loss of PI interaction. We
also tested whether the K61A and N90F mutants permit- repulsion and steric clash. The mutant T59S was pre-
dicted to have similar properties to wild-type PITP,ted reconstitution of PLC signaling. This pathway is de-
pendent on the delivery of PI to the plasma membrane because threonine and serine are chemically very simi-
lar. Thus, the hydrogen bonding between PITP and thefor phosphorylation to PI(4,5)P2 for PLC hydrolysis. Two
models have been put forward where either PITP could inositol headgroup could potentially still form when T59
is mutated to serine. Nonetheless, binding of PI wasstimulate vesicular flow from the intracellular compart-
ment or, alternatively, PITP could deliver PI molecules substantially reduced. It is less clear how binding to PC
in T59E is retained, but it is possibly through the glutamicfor modification (Wirtz, 1997; Cockcroft, 1998). For ve-
sicular flow, PITP would not need to bind PI as ob- acid neutralization of the positive charge of choline. In
addition to analyzing lipid binding, the threonine mu-served for the yeast PITP, SEC14p (Phillips et al., 1999).
Both K61A and N90F were unable to restore phospholi- tants were also examined for transfer of lipids from the
interior of the cell to liposomes (Table 2). We note thatpase C signaling (Figure 4).
Threonine 59, observed to interact with both PI and binding and transfer do not strictly mirror each other,
presumably because these assays monitor different as-PC, was mutated to A, S, and E, and both lipid binding
and transfer were analyzed (Table 2). All the mutants pects of the protein capability. Nonetheless, they show
the same trend. A reduction in binding is reflected in awere capable of binding PC, while PI binding was either
abolished (T59E) or reduced (T59A and T59S). T59A re- reduction in transfer.
A previous study has examined the mutation of threo-moves the hydrogen bond to the OH(4), and this results
Structure of a PITP-PI Complex
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Figure 3. PI Binding Side Chains in PITP-PI
(A) Interactions in the lipid headgroup binding pocket. The side chains of residues mutated in the present study are shown in green, and
contacts with conserved residues are represented by cyan dotted lines.
(B) Sequence analysis. Thirty-eight proteins containing the PITP domain were aligned using ClustalW, of which a representative selection is
shown, highlighting conservation of residues of the lipid binding pocket. Many mammalian PITP sequences have been omitted for clarity
since their sequences are almost identical. Inositol headgroup binding-specific residues T59, K61, E86, and N90 are conserved in all the
available sequences (highlighted in yellow).
nine 59 to A, S, E, V, D, N, and Q and reported that all in a distinct manner and was mutated to A and Q, and
both lipid binding and transfer were analyzed (Table 2).these mutants were unable to transfer PI, and only T59A
retained 50% of its ability (Alb et al., 1995). In our study E86A has reduced PI binding and transfer, with no effect
on PC binding and transfer. A reasonable explanationT59S has a modest reduction in PI transfer. We have
also mutated T59 to valine, and this also retained 50% for these data is that the specific hydrogen bonding
contacts made by E86 make a contribution to inositolPI transfer (data not shown). This discrepancy could be
due to a variety of reasons, including a different assay binding. The conservative mutation of E to Q is detrimen-
tal to both PI and PC binding, and a reasonable explana-procedure for measuring transfer and also the use of
purified protein in our case and crude cytosol in their tion is that the electrostatic interaction between E86
and the lipid headgroup is also a contributory factor.study. Threonine 59 is also conserved in Drososphila
RdgB and has also been mutated (Milligan et al., 1997). Overall, there is good agreement between the struc-
ture and the mutational data. So why does PITP bindIn this case, T59A had no PI transfer while T59E was
shown to be wild-type. This result is surprising in the PI with a much higher apparent affinity than PC (Van
Paridon et al., 1987; Segui et al., 2002)? It seems reason-light of the structure and needs to be reexamined.
Glutamate 86, like T59, interacts with both PI and PC able to conclude that PI specificity is largely contributed
Structure
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Figure 4. Analysis of PITPMutants Close to
the Phosphoinositol Headgroup Binding Site
PITPmutants (K61A and N90F) were purified
as histidine-tagged proteins and analyzed for
lipid transfer and binding and their ability to
restore phospholipase C signaling. (A) PI
transfer; (B) PC transfer; (C) PI and PC bind-
ing; and (D) PLC reconstitution.
by the additional hydrogen bonds formed between resi- firmed that the majority of PI-loaded samples of PITP
used for our crystallization contained 18:0,20:4 PI (Bdues lining the headgroup binding pocket and the polar
inositol headgroup. Larijani, personal communication). In the PC-PITP
structure (Yoder et al., 2001) the short dioleoyl chainsWithin the single phospholipid binding site are two
channels, one for each of the sn1 and sn2 fatty acid of synthetic PC are encapsulated within the structure.
The entrance to the sn2 channel is capped by the sidetails of the lipid. The PI used in this study was extracted
from bovine liver and is not homogeneously substituted chain of Y103, whose position is indicated in Figure 2B.
In our structure the side chain of Y103 in two of theat sn1 and sn2, unlike the synthetic dioleolyl PC in the
PITP-PC structure. Electron density for the lipid tails of copies is swung away from the end of the channel,
opening it up, which could allow the tip of a longer fattyPI-loaded PITP occupies similar binding pockets to
those defined by the sn1 and sn2 chains of synthetic acid side chain to protrude past Y103 into solvent.
Two phosphorylation sites for PITP have been re-dioleoyl PC bound to PITP, but with clearly different
detailed conformations (Figure 1C). We used PI pre- ported: Thr 59 and Ser 166 (van Tiel et al., 2000; C.P.
Morgan et al., submitted). Surprisingly, both sites arepared from bovine liver (Sigma P2517), which contains
predominantly C18:0,C20:4. Mass spectrometry con- solvent inaccessible in both the PI- and PC-bound struc-
Table 2. Tabulated Data for the PITP Mutants Described in the Paper
% PI Transfer % PC Transfer
PITP % PI Binding % PC Binding (100 
g/ml) (100 
g/ml)
Wild-type 100 100 100 100
K61A 1  0 140  17 0  0 95  2
N90F 7  1 129  18 10  5 98  4
N90L 4  2 112  9 10  2 111  8
T59E 5  2 90  27 1  1 102  12
T59A 36  11 101  21 60  7 65  9
T59S 27  2 135  4 79  4 135  2
E86A 23  3 129  22 54  2 102  4
E86Q 52  11 55  7 75  4 39  2
WW 203/204 AA 30  5 55  15 9  2 6  2
Y103A 82  6 95  6 65  2 63  3
F72A ND ND 108 115
Analysis of PITP mutants: Histidine-tagged proteins were analyzed for PI and PC binding using permeabilised HL60 cells labeled with
14C-acetate. After 20 min incubation at 37C, the proteins were recovered, and the amount of label in PC and PI associated with the protein
was quantitated with respect to recovered protein. PI and PC transfer was measured using [3H]inositol-labeled cells (for PI transfer) and
[3H]choline-labeled cells (for PC transfer). Transfer of labeled cellular lipids to liposomes was measured following addition of PITP proteins
in a concentration-dependent manner. Data are shown for a single concentration. Experiments were conducted at least three times in most
cases, although only once for F72A and T59V.
Structure of a PITP-PI Complex
323
tures. Thr59 is part of the lipid headgroup binding cavity. the PITP family. Tryptophan side chains have a high
propensity for membrane interaction because of theirThe mutant T59E might be seen to mimic the effect
physico-chemical properties (Yau et al., 1998; Baillie etof phosphorylation, so that one would predict highly
al., 2002). Y103 is located next to the opening of thereduced PI binding and transfer for the phosphorylated
lipid binding cavity on the loop between  strands 5species. In the superfamily member RdgB (nir2), phos-
and 6, which was shifted slightly in the PITP-PI crystalphorylation of Thr59 caused the protein to target to
structure when compared to the PITP-PC crystal struc-liquid droplets (Litvak et al., 2002), suggesting the possi-
ture. A point mutant of Y103 and a double mutant ofbility that this residue can become solvent accessible
W203, W204 were therefore tested for their effect onat some point in the transfer cycle. In all three PITP
lipid binding and on transfer (Figure 5; Table 2).structures, Ser166 is in a small pocket between the 165–
Y103 was mutated to alanine and to isoleucine. Y103A172 loop and the rest of the protein and is not solvent
was made to assess the requirement for capping theaccessible. Several conserved residues anchor this
binding cavity, while Y103I was to determine how crucialloop, including K165, K168, R171, D234, and D238.
side chain flexibility was at this position. W203 and W204There are also main chain hydrogen bonds between 166
were simultaneously mutated to alanine. While the purityN-171 O and 170 N-166 O. We therefore conclude that
and expression levels of the wild-type protein PITP andfor either of these side chains to be phosphorylated,
the mutant WW203/204AA and Y103A were comparable,major conformational changes must occur in PITP,
no expression was observed with the mutant Y103I.such as may happen when PITP is perturbed by inter-
The WW203/204AA mutant was severely compro-action with either membrane or another protein.
mised for transferring either PI or PC, while the Y103APrevious models proposed that PI bound to PITP can
mutant had a modest reduction in both PI and PC trans-be presented to lipid kinases and phospholipases in-
fer (Figures 5A and 5B). The WW203/204AA mutant wasvolved in signal transduction (Cockcroft, 1998). Compar-
still capable of binding PI or PC, albeit at reduced levels.ison of our structure with the PC-loaded rat PITP leads
Y103A was wild-type with respect to lipid binding. Theus to conclude that the soluble form of PI-loaded PITP
WW203/204AA mutant was unable to restore PLC sig-does not show major conformation differences close to
naling, while Y103A retained about 50% of activity com-the lipid headgroup binding site. The similarity of the
pared with wild-type (Figure 5D). W203 and W204 aretwo “closed” soluble forms of PITP bound to different
therefore essential for transfer, probably because of anlipids and differences from the “open” apo form suggest
interaction with the membrane, which in turn could initi-
it may be difficult to trap intermediate structures to de-
ate structural changes that allow lipid release. The ener-
fine the precise mechanism of lipid uptake and release.
getics of membrane association must be finely bal-
If PITPbinds lipid bilayers in a partially unfolded molten anced, however, since PITP has to be released from the
globule state, similar to the related cholesterol-trans- membrane in its lipid-loaded form.
porting protein StAR (Bose et al., 1999; Christensen et In the crystal structures of PITP bound to PC or PI,
al., 2001), further structural details may be beyond crys- a loop containing helix B served as a lid to the lipid
tallographic analysis, and instead, NMR methods may binding core, whereas in the apo-PITP crystal structure
be appropriate to look at conformers in solution and this loop had moved outward by 90 and was thus
bound to membranes. It has been suggested that addi- designated the “lipid exchange loop.” To further under-
tional factors other than the protein-lipid interaction in- stand the importance of the lipid exchange loop for
fluence the selectivity, such as the charge and curvature anchoring PITP to a membrane surface during lipid
of the membrane (Heitz and van Mau, 2002). Therefore exchange, Phe-72, the most likely amino acid within
we suggest that an “open” form of PITP only exists in this loop to have membrane interaction properties, was
contact with the membrane and that it is only at the mutated to alanine (F72A). The F72A PITP mutant was
membrane that the headgroup could be accessible for completely functional in both lipid transfer (Figures 5A
modification. and 5B; Table 2) and PLC reconstitution (data not
PITP binds a single molecule of PI (or PC) enclosed shown).
in a cavity such that binding and release of lipid can The structure reported here provides the first view of
only occur by opening the cavity when associated with PITP bound to its preferred lipid, PI. A major determi-
the membrane. The four molecules in the asymmetric nant of the specificity for PI over PC resides within the
unit of the crystal are arranged as two identical “end- lipid headgroup cavity, and we provide functional data
to-end” dimers, in which residues on the lower part of to support the detailed interactions we have identified.
the molecule as shown in Figure 2B are in contact. We We find that PI binding to PITP does not inevitably
have not been able to detect dimers in solution by size trigger the major conformational change close to the
exclusion chromatography, although a more sensitive inositol headgroup that has been previously proposed
technique might reveal their formation. Although the di- (Schouten et al., 2002). Small perturbations of the PITP
mer interface is not large and may be insufficient to structure when bound to PI rather than PC may be attrib-
maintain a stable dimer in solution, it involves hydropho- uted to either (1) the longer and unsaturated nature of
bic contacts, and particularly residues W203, W204 and the fatty acids of the PI bound to PITP or (2) the dimer
Y103. We postulated that residues in this interface might interface between protomers of PITP bound to PI. The
be responsible for interacting with membranes. In the conserved residues W203 and W204 are required for
PITP monomer, W203 and W204 are exposed on the lipid transfer, presumably because they interact with the
loop between  strand 8 and  helix F, rather than buried cell membrane. We suggest that interaction with the
in the protein core. One or two tryptophan residues are membrane and possibly with other membrane-associ-
ated proteins initiates conformational changes in PITP.conserved at these positions in nearly all members of
Structure
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Figure 5. Analysis of PITPMutants Involved
in Membrane Association
PITP mutants (Y103A, WW203/204AA, and
F72A) were purified as histidine-tagged pro-
teins and analyzed for lipid transfer and bind-
ing and their ability to restore phospholipase
C signaling. (A) PC transfer; (B) PI transfer;
(C) PI and PC binding; and (D) PLC reconsti-
tution.
reservoirs. The crystals are thick multinucleated blocks and aboutWe conclude that conformational changes on interac-
0.2 mm in length.tion with the membrane are required for lipid exchange,
PITP phosphorylation, and PI headgroup modification.
Data Collection
SeMet PITP.PI crystals were briefly transferred to a cryoprotectantExperimental Procedures
solution consisting of 20% glycerol, 20% PEG 10,000, 0.1 M HEPES
(pH 7.5) and then removed immediately and flash-cooled to 100 K.Protein Expression, Purification, and Lipid Exchange
Oscillations of 1 were collected using a MAR CCD detector on theHuman PITP was expressed and purified as previously described
ID13 Microfocus Beamline (ESRF) using a wavelength of 0.784 A˚. A(Cunningham et al., 1996). The protein used for crystallization was
three-wavelength dataset was collected on station BW7A (Hamburg)buffer exchanged prior to cleavage using Biorad Desalting columns.
using oscillations of 1 collected using a MAR CCD detector. Rele-The histidine tag was removed by incubating with 1 unit of thrombin
vant details are given in Table 1. The Matthews coefficient for theper mg of protein at 16C overnight in 20 mM Tris-HCl (pH 8.4), 150
SeMet PITP-PI complex gives a solvent content of 49% for fourmM NaCl, and 2.5 mM CaCl2 (buffer A). The phospholipid exchange
molecules in the asymmetric unit. Reflections were indexed, inte-was performed during the overnight cleavage by adding PI vesicles
grated, and scaled with MOSFLM and SCALA for SeMet PITP-PI.prepared using bovine liver PI from Sigma. Vesicles were prepared
The resulting statistics are summarized in Table 1.in buffer A by sonication. The molar ratio of protein to lipid was
1:100. Following cleavage and lipid exchange, PITPwas chromato-
graphed over a S75 FPLC gel filtration column in 20 mM Tris buffer Structure Solution and Refinement
Programs used were distributed as part of the CCP4 Suite (CCP4,(pH 7.4), and peak fractions were pooled. Prior to crystallization the
protein samples were concentrated using centrifugation in Vivaspin 1994) unless otherwise referenced. Location of the selenium sites
in SeMet PITP-PI was not successful; however, during work on5 KDa concentrators (Vivascience). Protein concentration was cal-
culated using an OD280 and extinction coefficient of 1.96 for 1 mg these crystals, a structure of rat PITP-PC was published (Yoder et
al., 2001). The coordinates from this structure (PDB code 1FVZ)ml1. Selenomethionine (SeMet) derivatized PITP was prepared
and purified as above except that the E. coli methionine auxotroph were adapted for use as a molecular replacement search model by
removing the PC ligand and regions of the protein, such as the Gstrain B834 (DE3) was used. Cells were grown in minimal media
and supplemented with a cocktail of amino acids that included helix and C terminus, having high B values, leaving 186/269 residues.
Using this search model, the P212121 datasets at 2.9 and 3.95 A˚ (peakselenomethionine but not methionine. Induction was carried out
overnight, as the cells grow slowly in this medium. Analysis of PI- wavelength) both gave the same molecular replacement solution
(MOLREP, implemented in CCP4). A Fourier synthesis using thebound PITP and PI-bound SeMet PITP on SDS-PAGE revealed
a 35 kDa protein that was 95% pure. molecular replacement phases and the SeMet anomalous differ-
ences confirmed the presence of Se atoms at the expected positions
in the four molecules of the asymmetric unit in both datasets. TheCrystallization
Initial crystallization trials were at room temperature in 24-well Lin- protein structure was refined against the 2.9 A˚ SeMet PITP-PI
dataset with REFMAC using tight 4-fold restraints, and rebuilt usingbro plates using the vapor-diffusion technique and Crystal Screen
I and II reagents (Hampton Research). Crystals of PI-loaded PITP- O (Jones et al., 1991). The initial model was built into a 4-fold aver-
aged map, and after two rounds of rebuilding and refinement, clearwere grown in the space group P212121 with cell dimensions of a 	
83.3, b	 93.2, c	 161.7 A˚ and diffracted to 2.9 A˚ using synchrotron electron density could be seen for the PI headgroup (Figure 1), which
was therefore included in the refinement. While there is density forradiation. A second crystal of wild-type PITP diffracted to 2.2 A˚
resolution, but a structure solution proved impossible due to nonre- the fatty acid side chains of the PI (Figure 1), the limited resolution
and possible heterogeneity in the fatty acid tails of the PI lipidproducibility of the crystals and problems with space group assign-
ment. Crystals of SeMetPITP-PI grew in sitting drops of 1.5 
l of preclude accurate fitting, and the electron density cannot be used
to identify the fatty acid species. Identification of unsaturated bondsprotein stock (14 mg/ml, 2 mM DTT) and 1.5 
l of reservoir solution
(20% PEG 10K, 0.1 M HEPES [pH 7.5]) equilibrated against 0.5 ml was not possible, since there are no clear kinks in either of the tails,
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and the assignment of sn1 and sn2 channels remains ambiguous. dylinositol transfer protein alpha exhibit spinocerebellar degenera-
tion, intestinal and hepatic steatosis, and hypoglycemia. J. Biol.The tails are therefore not included in the final model, although
almost continuous electron density marks their position in the pro- Chem. 4, 33501–33518.
tein. Refinement proceeded with gradual relaxation of the restraints, Baillie, G.S., Huston, E., Scotland, G., Hodgkin, M., Gall, I., Peden,
although loose restraints remained in place. Final statistics are A.H., MacKenzie, C., Houslay, E.S., Currie, R., Pettitt, T.R., et al.
shown in Table 1. The final model has rms deviations from ideal of (2002). TAPAS-1, a novel microdomain within the unique N-terminal
0.02 A˚ for bond lengths and 2.0 for bond angles. 89.4% of residues region of the PDE4A1 cAMP-specific phosphodiesterase that allows
were within the most favored regions of the Ramachandran plot, rapid, Ca2-triggered membrane association with selectivity for
9.3% were within additionally allowed regions, and 0.6% were in interaction with phosphatidic acid. J. Biol. Chem. 277, 28298–28309.
disallowed regions as calculated using Procheck (Laskowski et al.,
Bose, H.S., Wittal, R.M., Baldwin, M.A., and Miller, W.L. (1999). The
1993). Structural figures were made with MolScript (Kraulis, 1991)
active form of the steroidogenic acute regulatory protein, StAR,
and BobScript (Esnouf, 1999) and rendered with Raster3D (Merritt
appears to be a molten globule. Proc. Natl. Acad. Sci. USA 96,
and Murphy, 1994).
7250–7255.
Christensen, K., Bose, H.S., Harris, F.M., Miller, W.L., and Bell, J.D.
Analysis of PITP Mutants for Lipid Binding and Transfer
(2001). Binding of steroidogenic acute regulatory protein to synthetic
and for Restoration of Phospholipase C Signaling
membranes suggests an acitve molten globule. J. Biol. Chem. 276,
Site-Directed Mutagenesis of Recombinant PITP
17044–17051.
The human PITP cDNA cloned into pET-14b vector was used for
CCP4 (Collaborative Computational Project 4) (1994). The CCP4site-directed mutagenesis. Quikchange (Stratagene) site-directed
suite: programs for protein crystallography. Acta Crystallogr. D 50,primers were constructed according to the manufacturer’s instruc-
760–763.tions. The mutagenic primers for T59A, T59E, and double mutation
Cockcroft, S. (1998). Phosphatidylinositol transfer proteins: a re-WW203/204AA were made for site-directed mutagenesis according
quirement in signal transduction and vesicle traffic. Bioessays 20,to the PCR overlap extension method. Flanking primers for the 5
423–432.and 3 ends (5-GCAGCCATATGATGGTGCTGCTC-3 and 5-GCG
GATCCTCTTAGTCATCTGC-3) were used to ligate the mutated se- Cullen, P.J., Cozier, G.E., Banting, G., and Mellor, H. (2001). Modular
quences into pET-14b vector with NdeI and BamHI. All mutants phosphoinositide-binding domains—their role in signaling and
were verified by DNA sequencing. membrane trafficking. Curr. Biol. 11, R882–R893.
The histidine-tagged proteins were expressed in E. coli and puri- Cunningham, E., Thomas, G.M., Ball, A., Hiles, I., and Cockcroft,
fied exactly as described (Swigart et al., 2000). The His-tagged pro- S. (1995). Phosphatidylinositol transfer protein dictates the rate of
teins were desalted into PIPES buffer (20 mM PIPES, 137 mM NaCl, inositol trisphosphate production by promoting the synthesis of
3 mM KCl [pH 6.8]) and concentrated, and protein concentration was PIP2. Curr. Biol. 5, 775–783.
calculated using Bradford reagent (BioRad). Recombinant proteins
Cunningham, E., Tan, S.K., Swigart, P., Hsuan, J., Bankaitis, V.,were analyzed on SDS-PAGE to monitor expression and purity.
and Cockcroft, S. (1996). The yeast and mammalian isoforms ofWhile wild-type PITPwas 98%–99% pure, the purity of the mutants
phosphatidylinositol transfer protein can all restore phospholipasewas variable. Protein concentrations were therefore estimated from
C-mediated inositol lipid signaling in cytosol-depleted RBL-2H3 andthe SDS-PAGE gel by densitometry on AIDA software relative to
HL-60 cells. Proc. Natl. Acad. Sci. USA 93, 6589–6593.wild-type PITP protein. Lipid binding and transfer were analyzed
De Vries, K.J., Westerman, J., Bastiaens, P.I., Jovin, T.M., Wirtz,exactly as described (Segui et al., 2002). Reconstitution of PLC
K.W., and Snoek, G.T. (1996). Fluorescently labeled phosphatidyl-activity in cytosol-depleted HL60 cells was monitored exactly as
inositol transfer protein isoforms (alpha and beta), microinjecteddescribed (Cunningham et al., 1995). In most cases two separate
into fetal bovine heart endothelial cells, are targeted to distinctprotein preparations were analyzed.
intracellular sites. Exp. Cell Res. 227, 33–39.
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